Introduction
============

Nuclear transport serves as a key regulatory step in signal transduction, cell cycle progression, and mRNA processing ([@b13]; [@b18]; [@b30]). Access to the nucleus is provided by nuclear pore complexes that allow passive diffusion by small molecules, but restrict translocation by molecules larger than ∼40 kDa ([@b9]; [@b27]). Entry or exit of large molecules is usually mediated by soluble receptors such as the karyopherins, which are associated with the nucleoporin proteins that line the pores. Importins bind cargo in the cytoplasm and release it in the nucleus, whereas exportins reverse this process ([@b6]).

Transport is driven in both directions by the high concentration of the GTPase Ran bound to GTP in the nucleus. Importins can only bind cargo in the absence of RanGTP. The association of RanGTP with an importin induces cargo release ([@b14]). The RanGTP gradient across the NPC is maintained by the restriction of RCC1 (a guanine nucleotide exchange factor, RanGEF) to the nucleus and of the GTPase-activating protein, RanGAP ([@b4]), to the cytoplasm and NPC. With each transport cycle, one RanGTP is exported and one RanGDP is returned to the cytoplasm by the transport receptor NTF2 ([@b21]; [@b25]).

The majority of known import cargoes contain a nuclear localization signal (NLS) ([@b7]; [@b16]). This 'bar-code\' can be a monopartite stretch of seven basic amino acids or a longer, bipartite sequence. The NLS is recognized by an adapter protein, importin-α (Impα), which binds to the karyopherin importin-β (Impβ). In the nucleus, RanGTP binding to Impβ disassociates the complex. RanGTP--Impβ then translocates back to the cytoplasm, where RanGAP (assisted by RanBP1) hydrolyzes RanGTP, releasing Impβ for another round of transport ([@b3]). Impα in the nucleus is exported by a specific exportin called CAS, which also promotes release of cargo from the adapter ([@b10]; [@b17]; [@b20]).

Some import cargoes bind Impβ directly. Without the need to export Impα from the nucleus, this import pathway uses only one GTP cycle rather than two. Because the Impα pathway utilizes more energy and more protein production, strong selective pressure must have driven its evolution in the cell. One possibility is the flexibility that adapter proteins provide to allow specific populations of cargoes to be imported at different times or different cellular states. At least five isoforms of Impα exist in mammalian cells, and some isoforms show specificity for particular protein cargoes. However, budding yeast expresses only a single Impα. Another possibility is that, as Impα-mediated transport is coupled to the hydrolysis of two GTP molecules, it might drive a higher nuclear/cytoplasmic cargo gradient than direct Impβ-mediated import.

We now demonstrate, using a combined *in silico*/experimental approach, that contrary to expectations, Impα-mediated transport is actually less efficient than direct import by Impβ. Direct import is faster, and can drive a higher nuclear/cytoplasmic cargo gradient. In addition, we show that a bipartite NLS can accumulate in the nucleus to a higher concentration than a monopartite NLS, as predicted by our computer model. However, an *in silico* sensitivity analysis shows that Impα provides a greater dynamic range of control over import than Impβ. To test this prediction *in vivo*, we use a combination of recombinant protein co-injection and siRNA knockdown.

Results
=======

Cargo gradients in adapter-mediated and direct import
-----------------------------------------------------

To investigate cargo gradients in both types of import, we developed a 3-compartment *in silico* transport model ([Figure 1](#f1){ref-type="fig"}). Details of the model are in Materials and methods, and the complete schematic for the cargo import, Ran transport, and Karyopherin transport modules can be found in the [Supplementary Data](#S1){ref-type="supplementary-material"} by [@b22]. Addition of either type of cargo to the cytoplasm was simulated by instantaneously stepping its concentration from 0 to 4 μM and measuring nuclear accumulation over 1800 s. Unexpectedly, cargo imported directly by Impβ had a greater initial rate and a higher steady-state nuclear accumulation than cargo imported via the adapter, Impα ([Figure 2A](#f2){ref-type="fig"}). This difference results from the greater reaction rate for a bimolecular interaction, faster cycling time of Impβ between the nucleus and the cytoplasm, and the slightly higher permeability for the Impβ--cargo complex through the NPC, as compared to the Impα/β--cargo complex.

To evaluate steady-state accumulation of Impα/Impβ cargo in our experimental system, we built GST-NES-GFP-NLS, which contains both an import and an export signal. The export signal is an NES from protein kinase inhibitor (PKI) that is recognized by CRM1 ([@b15]). To compare Impα adapter-mediated import with direct import, we prepared a second cargo protein, GST-NES-GFP-IBB, which contains an IBB motif ([@b12]). The IBB domain is a 41 amino acid arginine-rich fragment from Impα that is representative of a class of NLSs that bind directly to Impβ ([@b19]). To describe these shuttling cargoes in the model, we added pathways for export through CRM1 and cofactor RanBP3 ([Figure 1B](#f1){ref-type="fig"}).

We injected each cargo into the cytoplasm of HeLa cells and recorded the nuclear/cytoplasmic ratio (N/C ratio) after 30 min (Materials and methods). The direct Impβ (IBB) cargo achieved a significantly larger nuclear/cytoplasmic gradient than the Impβ/Impα (NLS) cargo ([Figure 2B](#f2){ref-type="fig"}). To compare initial rates of import, we used a GST-GFP-IBB cargo. After microinjecting either GST-GFP-IBB or GST-GFP-NLS into the cytoplasm of HeLa cells, initial import rates were recorded as described previously ([@b22]). Import of GST-GFP-IBB was significantly faster than that of GST-GFP-NLS ([Figure 2C](#f2){ref-type="fig"}).

Next, we sought to determine if the results for the monopartite NLS were generalizable to a bipartite NLS. Bipartite NLSs, like that found in nuclear CAP-binding protein subunit p80 (CBP80), are known to bind to Impα with a greater affinity than monoparite NLSs ([@b23]; [@b11]). Simulation of bipartite NLS cargo import predicted a similar initial rate, but increased N/C ratio as compared to monopartite NLS cargo ([Figure 2A](#f2){ref-type="fig"}). To test this prediction, we measured initial import rates and steady-state accumulation for GST-GFP-CBP80 and GST-NES-GFP-CBP80 in HeLa cells. GST-GFP-CBP80 shows a similar initial rate to the monopartite cargo and GST-NES-GFP-CBP80 a much higher N/C ratio at steady state, in agreement with the model ([Figure 2B and C](#f2){ref-type="fig"}).

Steady-state sensitivity analysis
---------------------------------

If adapter proteins do not allow the production of a greater cargo gradient, what other advantage might they offer? Previously, we used sensitivity analysis to explore the coupling of reactant concentrations to cargo import rates ([@b22]). Impα had the largest dynamic range of control over initial rate, although Ran and NTF2 also functioned as limiting reactants in the system. Surprisingly, Impβ, CAS, and the guanine exchange factor RCC1 inhibited import at higher levels of concentrations. As steady-state cargo concentrations are likely to have greater cellular consequences than initial rates, we performed a sensitivity analysis to correlate reactant concentrations with steady-state cargo accumulation. Initial reactant concentrations were varied individually from 0.0001- to 10 times that of their original values. After allowing the system to reach steady state, cytoplasmic injection of a shuttling cargo was simulated by increasing concentration of the cargo *in silico* instantaneously from 0 to 4 μM. After a return to steady state, the ratio of nuclear/cytoplasmic concentration was calculated ([Supplementary Figure 1](#S1){ref-type="supplementary-material"}). Steady-state nuclear/cytoplasmic cargo ratio followed the same general trends as the initial import rates ([@b22]); Impα, Ran, and NTF2 act as limiting reactants, whereas high concentrations of RCC1 and Impβ reduce the N/C ratio. The inhibitory effect of Impβ has two primary sources. First, excess Impβ can travel through the NPC without cargo and bind with RanGTP in the nucleus before returning to the cytoplasm. This process, called 'futile cycling\', depletes the RanGTP gradient. Second, Impβ must react with RanGTP on the nuclear side of the NPC to be released from a binding site on nucleoporins in the nuclear basket. Without sufficient RanGTP, Impβ, and cargo complexes arrest within the nuclear pore, blocking traffic in both directions.

Impα increases dynamic range of control over import
---------------------------------------------------

To test these predictions, we perturbed reactant concentrations in intact cells. The shuttling cargo was injected together with recombinant proteins in a known molar ratio. By quantifying the amount of the fluorescent cargo in the cytoplasm, we could then reliably calculate the concentration of the co-injected protein. To test for decreased levels of Impβ and Impα1, we transfected siRNAs targeted against these karyopherins. The shuttling cargo was then injected and the N/C ratio was recorded at steady state. To evaluate the level of knockdown in the injected cells, they were fixed and immunostained using anti-Impβ or anti-Impα1 and secondary antibodies conjugated to Texas Red. Pixel intensities of the Texas Red signal recorded by confocal microscopy could then be used to estimate whole-cell concentration of the karyopherin, relative to control cells.

Knockdown of Impβ reduced nuclear accumulation in agreement with the sensitivity analysis ([Figure 3B](#f3){ref-type="fig"}). Knockdown of Impα1 shows that changing Impα1 levels exert larger corresponding changes in nuclear cargo accumulation ([Figure 3C](#f3){ref-type="fig"}), indicating a larger dynamic range of control.

Co-injected recombinant Impα1 strongly upregulated the nuclear accumulation of the shuttling cargo ([Figure 3A](#f3){ref-type="fig"}), whereas co-injected Impβ suppressed nuclear accumulation of the cargo, as predicted. Titration of co-injected Impα1 and Impβ levels shows how increases in Impα1 concentration have a greater effect on the range of cargo accumulation ([Figure 3B and C](#f3){ref-type="fig"}). Although our current model includes competition for nucleoporins, it does not include a three-dimensional spatial representation of the NPC that could capture the blocking effect of Impβ in the confined space of the nuclear basket. This difference may explain the somewhat greater inhibitory effect of excess Impβ seen *in vivo*.

Discussion
==========

Using a combined modeling/experimental approach, we have shown that adapter-mediated import offers no advantage in driving a cargo gradient, despite using twice as much energy as that of direct import. However, Impα shows a large dynamic range of control over cargo accumulation. In contrast, Impβ shows an 'inverted U\' response curve in which either increasing or decreasing Impβ inhibits import. This behavior results from the high-affinity binding of Impβ both to RanGTP and to the nuclear basket. Excess of Impβ can cause futile cycling and deplete the RanGTP gradient. Diminished nuclear RanGTP can cause accumulation of Impβ at the nuclear basket to the point at which it begins to occlude the pore, severely restricting transport of cargo complexes.

Adapter proteins may, therefore, have evolved as a means to more flexibly control cargo gradients under different cellular conditions. For example, recent work has shown how the modulation of nuclear transport rates maintains the fidelity of wave propagation in cell cycle progression ([@b1]). Flexibility in biological systems describes an organism\'s ability to adjust to changing environments. This control comes at the expense of efficiency and requires an additional expenditure of energy. But the advantage that comes with this flexibility is increased robustness, the ability of a system to remain stable in the face of external perturbations ([@b8]; [@b26]). This trade-off between regulation and efficiency is fundamental to all control systems and is likely to be widespread in cell biology.

Another group has recently looked at the dynamics of cargo import in yeast cells ([@b29]). They found a simple linear relationship between initial cytoplasmic concentration and initial import rate similar to that previously found in mammalian cells. This relationship remained constant even up to 100 μM initial concentration of cargo, demonstrating the remarkable capacity of the NPC to handle large amounts of cargo transport. Import rates were found to be 0.07--1.2 cargo molecules/NPC/μM, comparable to that found previously in our study of import in mammalian cells.

[@b29] also found that the initial rate of an NLS-GFP cargo increased with higher Karyopherin concentrations up to about 15 μM, at which point import rates began to show saturation kinetics. Although the [@b29] contrast this result with our finding that Impβ inhibits import at higher concentrations, Kap95p is most closely related to Impβ in mammalian cells. Kap95p shows a high affinity to the nucleoporins in the nuclear basket in a similar way to Impβ, so a test of Kap95p abundance in yeast cells would be a more definitive comparison. We suggest that the high-affinity binding of Impβ and Kap95p to the nuclear side of the NPC make these Karyopherins especially sensitive to limitations in the Ran gradient as well as competition for binding sites that can cause the inhibition of transport we have observed at high concentrations of these receptors.

Import rates were successfully fit using a simple model of cargo-binding kinetics, passive import, and passive leak kinetics. [@b29] interpreted these findings as evidence that nuclear transport follows a simple 'pump-leak\' model in which import rates are largely determined by the number of Karyopherin--Cargo complexes that form and the rate at which cargo passively diffuses back to the cytoplasm. This model is consistent with our findings that the Karyopherin Impα acts as a limiting reactant for import and the bipartite NLS (which binds Impα more tightly) leads to greater nuclear accumulation of cargo. Both these factors would act to increase the amount of effective Karyopherin--cargo complexes *in vivo*. [@b29] also use their model to predict that the Ran gradient is not limiting for import. However, we have shown previously ([@b22]) that both Ran and NTF2 are limiting for import in whole HeLa cells. Our results do agree with [@b29] in showing that the capacity of the NPC is enormous and not likely to be limiting for cargo import rates.

Recent work from another group has shown that the rate of cargo transport through the NPC could be modulated ∼10-fold by Impβ in permeabilized mammalian cells ([@b31]). However, permeabilized cells have an NPC depleted of native Karyopherins and would not show competitive inhibition seen in whole cells. This is reflected by experimental evidence that import rates in whole cells are more than an order of magnitude less than those of permeabilized cells ([@b29]). Therefore, any quantitative result from permeabilized cells should be interpreted with caution. As total Karyopherin concentration in whole cells has been estimated to be 15 μM ([@b36]), Impβ might be expected to start inhibiting transport above these levels in permeabilized cells.

Our nuclear transport model is the first to include a detailed reconstruction both of nuclear import through Impα/Impβ and export through CRM1. It will allow future work to explore how the regulation of nuclear import couples to signal transduction pathways such as PKA/CREB and Jak-Stat in which shuttling factors may increase responsiveness of the system to changes in the state of the receptor at the cell surface.

Materials and methods
=====================

Computer model
--------------

Our original computer model for nucleo-cytoplasmic transport considered only the receptor-mediated import of cargo. In addition, it ignored the complexities of translocation through the NPC as a complex, and described nucleo-cytoplasmic movements by single permeability constant ([@b22]). Experimental work has shown that this simple linear model can successfully describe the translocation process to a first approximation, and has the advantage that the permeability constant can be derived experimentally. However, more complex behaviors, such as competition between transport receptors at the NPC, cannot be represented in this way.

To create a more realistic model of the translocation process, we added a third compartment that represents the entire volume of all nuclear pores embedded in the nuclear envelope. Compartmental models assume that all species diffuse completely within compartments. Therefore, nucleoporins were modeled as freely diffusing but effectively trapped within the nuclear pore. Although most nucleoporins do not freely diffuse *in vivo*, this approximation should be reasonably accurate, as all kinetic measurements of nucleoporins have been measured from dilute solutions. Nucleoporins show an increasing gradient of affinity for Impβ, with interior nucleoporins showing an affinity of approximately 100 nM ([@b2]). We chose this value as an average representational value for all nucleoporins in the NPC compartment of the model.

In the three-compartment model, the three permeability equations used to represent transport are as follows: (1) permeability between the cytoplasm and NPC; (2) binding to nucleoporins within the NPC; and (3) permeability between the NPC and nucleus. Under conditions in which nucleoporins are not saturated, karyopherins transit the pore with permeability that approximates that used in the two-compartment model.

We also added terms in the model to represent Crm1-mediated protein export, and included the interaction of Crm1 with RanBP3, which can function as a cofactor to enhance cargo binding to Crm1. These modifications permit the analysis of shuttling cargoes, which possess both an NLS and a nuclear export signal (NES). The NES acts as a constant load against which the import machinery must work to maintain nuclear accumulation of the cargo. Differences in the efficiency of import can then be assessed by measuring the N/C ratio at steady state (which in the absence of an NES would approach infinity).

The complete model was simulated using Jarnac, a Biochemical simulation package for Windows ([@b24]). The reactions were converted internally by Jarnac to a series of coupled ODEs. Jarnac was then used to solve the ODEs based on a set of initial values. Cellular concentrations for Impα, CRM1, and RanBP3 were measured experimentally as described below. Rate constants for CRM1/RanBP3 export were taken from the literature wherever possible ([Table I](#t1){ref-type="table"}). The entire model will be available from the Biomodels database (<http://www.ebi.ac.uk/biomodels/>) in SBML format.

Constructs and cell culture
---------------------------

The GST-GFP-NLS construct has been described previously ([@b22]). The IBB domain (Impα1 residues 1--88) was first subcloned from GFP-IBB into GST-GFP to produced GST-GFP-IBB. GST-GFP-CPB80 has been described previously ([@b28]). The PKI NES (LALKLAGLDI) was then subcloned into GST-GFP-NLS, GST-GFP-IBB, and GST-GFP-CBP80 to produce the shuttling constructs GST-NES-GFP-NLS and GST-NES-GFP-IBB, and GST-NES-GFP-CBP80.

Quantitative Western blotting
-----------------------------

Concentrations of recombinant Ran, Impα, CRM1, and RanBP3 were first quantified by comparison to BSA standards on SDS--PAGE stained with Coomassie blue. Known concentrations of Ran and each transport receptor from 0.5 to 0.05 μg were then run on SDS--PAGE, together with 20 μl HeLa cell lysate. After blotting for both Ran and each transport receptor individually, concentration of proteins in the HeLa cell lysate was estimated by comparison to the recombinant standards. Estimated cellular concentration for transport receptor proteins (Impα 1 μM; CRM1 0.3 μM; RanBP3 0.05 μM) was then calculated based on the previously published concentration of Ran in HeLa cells (6 μM).

siRNA knockdown
---------------

HeLa cells were transfected with Impβ siRNA, Impα siRNA, or the control siRNA (Dharmacon random 21-mer) using SiPort (Ambion) (Impα), or Oligofectamine (Invitrogen) (Impβ) according to the manufacturers protocol. After 72 h, the media was changed to physiological saline and cells were cytoplasmically injected with the shuttling GST-NES-GFP-NLS protein. Media was then changed to DMEM (5% FCS, 5% CS, 1% PS) and the cells were incubated for 30 min at 37°C. Following incubation, cells were fixed and immunostained as described previously ([@b25]) for Impβ (ABS) or Impα (Transduction Laboratories).

Microinjection and confocal microscopy
--------------------------------------

Microinjection and microscopy were performed as described previously ([@b22]). Nuclear to cytoplasmic ratio was defined by the ratio of mean nuclear pixel intensity to mean cytoplasmic pixel intensity 30 min after injection.

Supplementary Material {#S1}
======================
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![Overview of the CRM1/RanBP3 export model. (**A**) The entire nuclear transport model includes modules for cargo import, Karyopherin transport, Ran transport, cargo export, and the NPC. (**B**) Detail of the cargo export module. RanBP3, CRM1, RanGTP, and the NES cargo combine to form an export complex. After translocating through the NPC, RanBP1 binds to the complex and allows RanGAP to hydrolyze RanGTP to RanGDP, releasing the cargo and disassociating the complex. RanBP3 contains an NLS and is imported into the nucleus by Impα/Impβ. (**C**) Detail of the Nuclear Pore Complex module. The NPC is represented as a single separate compartment containing nucleoporins that bind the cargo complex.](msb4100160-f1){#f1}

![Comparison of import rates and steady-state nuclear accumulation for NLS, CBP80, and IBB protein cargoes. (**A**) Left panel: simulation results predict that cargo imported directly by Impβ has greater initial rate and steady-state level of nuclear accumulation than cargo imported via the Impα adapter. Right panel: the bipartite NLS, CPB80, is predicted to accumulate more efficiently than the monopartite NLS. (**B**) A total of 20 μM GST-NES-GFP-NLS, GST-GFP-NES-CBP80, or GST-NES-GFP-IBB was injected into HeLa cell cytoplasm. Confocal images were collected 30 min post-injection. N/C ratios were calculated from mean pixel intensities for the nuclear and cytoplasmic compartments. Values are means of 15 cells±1 s.d. (**C**) Experimental validation of the computer predictions. A portion of 20 μM cargo was injected into the cytoplasm of HeLa cells. Images were collected every 20 s. Pixel intensity was converted to concentration by use of an external series of standards. Initial rate was defined as the rate of change of nuclear concentration during the first 30 s. Initial concentration for each cell was plotted against initial rate and the slope was fit by linear regression. Each data point represents an individual cell. Gray areas indicate the 99% confidence interval of the regression line.](msb4100160-f2){#f2}

![Effect of transport protein levels on the steady-state accumulation of the shuttling GST-NES-GFP-NLS cargo. (**A**) HeLa cells were injected with a mixture of 20 μM GST-NES-GFP-NLS and 4 μM recombinant transport protein. Cells were kept at 37°C in physiological saline for the duration of the experiment. N/C ratios were measured 30 min post-injection. Simulation results using identical conditions (white) are displayed next to experimental results (black). (**B**) Upper panel: HeLa cells were transfected with siRNA for Impβ. After incubation in DMEM (5% CS, 5% FCS, 1% PS) for 72 h, cells were injected with the GST-NES-GFP-NLS cargo. After further incubation at 37°C for 30 min, cells were fixed with formalin and immunostained with anti-Impβ and an Alexa-546 conjugated secondary antibody. N/C ratio of the cargo was defined by the ratio of mean pixel intensity in the nucleus divided by that of the cytoplasm. IF intensity was measured as the mean pixel value of the entire cell. IF intensity, which reflects the relative abundance of Impβ, was plotted against N/C ratio of GST-NES-GFP-NLS. The slope was fit by linear regression. Gray areas represent 99% CI of the regression line. (B) Lower panel: HeLa cells were co-injected with 20 μM GST-NES-GFP-NLS and various concentrations of recombinant Impβ (1.25, 2.5, 5 and 10 μM). Intracellular concentration of Impβ was estimated using the approximate average cargo concentration (3 μM) from fluorescence as described previously and the known molar ratio of cargo to recombinant protein. (**C**) Left panel: HeLa cells were transfected with siRNA for Impα1, microinjected with GST-NES-GFP-NLS, and immunostained with anti-Impα1 as previously described. (C) Right panel: HeLa cells were co-injected with 20 μM GST-NES-GFP-NLS and various concentrations of recombinant Impα1 (1.25, 2.5, 5, 10, and 20 μM). Intracellular concentration of Impα1 was estimated using the approximate average cargo concentration (3 μM) from fluorescence as described previously and the known molar ratio of cargo to recombinant protein.](msb4100160-f3){#f3}

###### 

Kinetic constants used in the computer model

  Reaction                         Kon M s^−1^   Koff s^−1^  Reference
  ------------------------------- ------------- ------------ ----------------------
  Impβ+NUP                          1.00E+08         10      [@b2]
  NTF2+NUP                          1.00E+07        200      [@b33]
  Cas+NUP                           1.00E+07        200      Estimate from [@b33]
  CRM1+NUP                          1.00E+07        200      Estimate from [@b33]
  RanGTP+RanBP3                     1.00E+07         10      [@b34]
  CRM1+RanBP3                       1.00E+07         1       [@b34]
  CRM1−RanBP3+NES                   1.00E+07         1       [@b35]
  CRM1−RanBP3+Rt                    1.00E+07         1       [@b34]
  Crm1−RanBP3−NES+RanGTP            1.00E+07        0.3      [@b34]
  CRM1−RanBP3−RanGTP+NES            1.00E+07        0.3      [@b35]
  CRM1−RanBP3−NES−RanGTP+RanBP1     3.00E+06      4.00E-10   Estimate from [@b32]
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